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Summary

Niobium aluminides and silicides as well as other intérmetallic compounds have potential for use in advanced gas
turbines where increased operating temperatures are necessary to obtain the targeted performance goals. These
materials will be subjected to a varieiy of environments over a range of temperatures. Two of the principal reactants
in these environments are oxygen aad hydrogen. This program is concerned with the effects of oxygen and hydrogen

on niobium alloys and other selected intermetallic compounds.

This program consists of two parts. Part I involves the effects of oxygen and is being performed at the University
of Pittsburgh by Prcfessors G. H. Meier and F. S. Pettit. Part Il is being performed at Carnegie Mellon University

by Professor A. W. Thompson.

The mvestigauons involving oxygen are directed toward describing the conditions which must be achieved in order
to have a continuous, protective Al 0y 0r Si0, scale developed on nipbium-base alloys and compounds, and other
selected mtermetalhcs, at temperatures berween 600 and 1400°C. The studies concerned with hydrogen effects are
directed toward determining solubility limits, hydrogen uptake and permeation rates, and the degree to which

hydrogen degrades the mechanical properties of these materials.




PART I

OXIDATION OF NIOBIUM - BASE ALLOYS AND
OTHER SELECTED INTERMETALLICS

[l by
R. R. Cerchiara, E. A. Gulbransen, F. S. Pettit and G. H. Me_ier

Department of Materials Science and Enyineering
' University of Pittsburgh




N4

Oxidation of Niobium-Basz Alloys
and Other Selected Intermetallics

by

R. R. Cerchiara, E. A. Gulbransen, F. S. Pettit, and G. H. Meier
Department of Materials Science and Engineering
University of Pittsburgh

INTRODUCTION

Intermetallic compounds are currently being considered for a variety of high temperature
applications because they offer a possible combination of creep resistance and low density which
is superior to that provided by state-of -the-art, coated, superalloys. However, the aciiievement
of adequate oxidation resistance in the syztems waich possess high ¢, ecific strengths is a matter
of concern. Figure | indicates some of the svstems with potential for meeting these requirements.
The purpose of this section is to describe the current understanding of alloy oxidation with
particular emphasis on intermetallic compounds such as those listed in Figure 1. The
mechanisms of oxidation witl be treated in detail with review of specific data being used only to
illustrate aspects of the me ~hanisms. The reader is directed to the excelient review by -Aitken(1)
for details of work prior to 1967.

The developmem of oxidation resistance in alloys is based on the addition of an element which
will oxidize selectively and produce a protective surface oxide. The formation of this surface
layer requires that the oxide be more stable than .the lowest oxide of the base metal. Figure 2
indicates the free energies of formation of a few selected oxides. The oxides Al 04, Si0,, and
BeO are of principal interest because they exhibit low diffusivities for both cations and anions
as well as being highly stable. Thus the addition of Al to Ni, as in the case of aluminide coatings
on nickel-base alloys, or Si to Mo, as in the case of MoSiz heating elements, clearly satisfv the
stability requirements. However, in the case of Nb-, Ti-, or Zr-base alloys the oxides of the base
metal are nearly as stable as those of Al, Si, or Be. A second requirement is that the
concentration of the element added for o4idation resistance is sufficient for the formation of its
oxide as an external layer rather than as interna! precipitates. The two possibilities for the simple
case where the oxygen partial préssure is too low to oxidize the base metal are illustrated in
Figure 3. Alloys with low solute concentratioas allow inward diffusion of oxygen whick results
in internal oxidation, Fig. 3a., while for high solute contents the outward diffusion of solute
results in the formation oi a continuous external layer of oxide, Fig. 3b. The critical solute
concentration for the transition from internal to external oxidation has been expressed by
Wagner(3) as
. 7g'N,DV, 1/2 '
Ng = ("o, ) -

Here NyD,jis the oxygen permeabxhty in A, Dy is the solute diffusivity, g * is a factor determined
by the volume fraction of oxide required for lhe trarsition(often near 0 3).and V, and vV, are
the molar volumes of the alloy and oxide, respectively. The solute content requxreg for external
scale formation is seen to increase with the solubility and diffusivity of oxygen and decrease with
an increase in the solute diffusivity in the alloy. However, for most systems of interest, the oxide
of the base metal can also form in the ambient atmosphere and grows until the more stable oxide
of the solute B becomes continuous and stops the growth of the "transient oxide™. This situation
is illustrated schematically in Figure 4. The effect of transient oxidation on the transition from
internal to external oxidation of B has been analyzed by Gesmundo and Viani(4) who found that



an excess of solute above that predicted by equation 1is required in the presence of transient
oxides. The amount of excess solute required is predxcted to increase as the growth rate of the
transient oxide increases. The conditions assumed in the derivation of equation (1) do not apply
-rigorously to the oxidation of intermetallics for several reasons which will become apparent.
Nevertheless, the above analysis provides a useful qualitative method to evaluate the effects of
variables such as temperature, composition, and atmosphere on the selective oxidation process.

Figure 5 illustrates schematically for MoSi,, a feature common to oxidation of intermetallic
. compounds with small homogeneity ranges. Here the removal of Si to form a layer of SiO,
immediately results in the formation of a layer of the next lower silicide, MOSSI ad) jacent to the
oxide. This situation, which is in contrast to the smooth concentration gradient in the alloy
depicted in anure 4(b), means that the properties of the lower compound determine the ability
of the alloy to maintain the growth of the protective oxide. Apparently Mo.Si; provides a
sufficient flux of Si to the oxide/alloy interface to maintain the growth of a snhca layer. This is
‘not the case, however, with many intermetallic compounds and represents a major d:fference
between the oxidation of . mtermetalhc compounds and solid solutions.

_Effects of Temperature

The effect of temperature on the selective oxidation process is determined by the temperature
dependence of all of the tetms in equation | and that of the g owth rate of the transient oxides.

Figure 6, from the work of Pettit(6), shows the temperature dependence of the transition from
internal to external formation of .alumina on Nij-Al alioys. These alloys, which include-sclid
solutions and the compound NizAl, are characterized by three regions: (I) 3-10at%Al, internal Al
oxides under external NiO external scales result; (II) 10-30at%Al, external Al,O4 forms but
cannot be sustained because of an inadequate supply of Al and is overgrown by mixed Ni-Al
scales; and (1I1) >30at%Al, the external Al,Oy is maintained by a sufficient supply of Al. Regions
11 apd 111 both extend to lower Al contents as the temperature is increased. This type of behavior
is generally explained in terms of more rapid diffusion of solute in the alloy at h:gher
temperatures which provndes a greater flux to the surface to develop and maintain the protective
‘scale. This phenomenon is not universal, however. The cross-hatched region in Figure 7
indicates the temperatures and compositions where the compound TiAl develops an external
Al1,04 scale in pure oxygen. In this case, for a given Al content, external alumina formation is
promoted at low temperature(7).

An effect of temperature which is peculiar to intermetallic compounds is the tendency of some
of ‘them to undergo a form of attack at intermediate temperatures, usuaily less than 1000°C,
which results in dxsmtegratmn of the alloy. This disintegration was first studied for MoSi by
Fitzer(8) who termed it "pesting”. The pest effect has been studied most extensively for MoSi

. particularly by Berkowi(z and coworkers(9), but data compiled by Aitken(l), indicates ns
occurrence in a wide range of intermetallic compounds. The basic characteristics of the pest
effect mayv be summarized as follows:

1. Attack is predominantly mtergranular often associated with grain boundary
hardening.

2. Exposure to a reactive gas, particularly O , Is required.

3. Rapid attack is preceded by an mcub"tnon period.

4. . Disintegration occurs over a limited temperature range Wthh varies from one

compound to the next.
Some compounds appear to be immune.
The detailed mechanism is still not fully understood.

Shlhg




Improved understanding of the "pest” mechanism should be achievablg by incorporating
techniques such as acoustic emission measurements, modern surface analysis, and TEM/STEM
into studies using more conventional techniques.

The effect of temperature cycling can also have substantial effects on the selective axidation
process. Figure 8 is a schematic comparison between isothermal and cyclic oxidation which is
valid for many alloy systems. The rates are comparable for short times but scal2 spalling caused
by thermal stresses which result from the thermal expansion misniatch between the oxide and
alloy and which become larger as the scale thickens eventually produces weight losses. The
amount of degradation under cyclic conditions generally is substantiaily greater than under
isothermal conditions. Cyclic oxidation data for intermetallic compounds are limited but those
available for NiAl in diffusion aluminide coatings on Ni-base alloys(10), Fe-silicides(11), and Ni-
‘silicides(12) indicate similar behavior to that in Figure 8. Typical cyclic oxidation data for a
range of Ni-silicides are presented in Figure 9.

Effects of Alloying Elements

The beneficial effects of third element additions on tha selective oxidation process are best
typified by additions of Cr to Ni-Al alloys which promote external Al,Oy scale formation at
substantially lower Al contents than those indicated in Figure 6. The effects of Cr additions
are summarized in the isothermal(13,14) and cyclic(15) oxidation maps in Figure 10. The
explanation of these effects requires consideration of the influence of Cr on all of the parameters
in equation 1. and on the growth rate of the transient oxide. The predominant effect of Cr is
generally thought to involve reduction of the oxygen solubility, N, but other factors must be
important. For example, Si additions to Ni-Al alloys, which should decrease N in a similar
manner to Cr, actually retards the development of external Al,O, scales for certain ranges of Al
contents(16). The cause of this retardation appears to be associated with Si stabilizing phases in
which Al diffusion is slower. Regardless of the exact mechanism, these data indicate the need
to consider all of the important parameters in analyzing third element effects. Again, data for
most intermetaliic compounds are lacking but Cr and V additions to Ti-aluminides(17) and Tiand

Cr additions to Nb-aluminides(18,19) have been shown to promote external Al,O scale formation -

at much lower Al contcrts than those required for the binary alloys.

Additional effects of alloying involve changes in the melting points of the alloys and the oxide
scales which form on them. For example, Figure 1 indicates that the amount of alloying elements
required to produce the Nb-Ti-Cr-V-Al alloys, which are marginal alumina formers(19), has
lowered the melting point well below that of binarv NiAl. The melting temperature of the
transient oxide scales which form on the alloys can also be greatly affected by alloying additions.

Effects of Atmbsphere(omposition

The pressure and composition of the reactive gas atmosphere can have substantial effects on the
oxidation behavior of many intermetallic compounds. Figure 11, taken from the work of Perkins
and Packer(20), shuws the effect of oxygen partial pressure on the formation of continuous silica
films on MoSi, as a function of temperature. The silica film forms in an intermediate pressure
range at each temperature. This type of behavior may be understood by considering both the
condensed and vapor species for the Mo-O and Si-O systems. The "active” oxidation at high
oxygen pressures is associated with the formation of MoOy in the scales which grows rapidly,
being liquid above 701°C, and prevents the formation of a continuous silica film. The "active"
region at low oxygen pressures, which also occurs for pure Si(21), resu'ts from .he high pressure

3



of (SiO over SiOz which leads to reactive volatilization of Si oxides rather than the formation of
a protective film. The thermodynamic analysis of such phenomena will be treated in the next
section of this report.

Additional effects of the atmosphere can occur if it contains a second reactive component, even
the nitrogen in air. This effect is most striking for the oxidation of Ti-aluminides. Figure 7
indicated that protective alumina scales were formed on TiAl, exposed in oxygen, up to
temperatures near 950°C. However, the same exposures conducted in air result in the formation
of [TiO,-rich scales which grow at rates orders of magnitude faster than the alumina scales. This
effect, whnch is discussed in more detail in reference (7), has been shown by Choudhury etal(22) .
to be associated with the presence of nitrogen as opposed to any other variable such as oxygen
pressure. The detailed mechanisms of the effect of nitrogen and the extent that it applies to other
intermetallic systems is in need of further study. Data for the reaction of intermetallic
compounds in other mixed oxidants are rather limited except for a few studies in
sulfidizing/oxidizing atmospieres associated with coal conversion atmospheres. Natesan(23,24)
has reported severe suifidation of N13Al in these atmospheres while Kim and Meier(25) have
found the silica scales formed on Ni- and Fe-silicides to be extremely resistant.

Specific Systems

Figure 12 presents an overview of the temperature to which alloy systems containing intermetallic
phases can maintain reasonable oxidation resistance. This diagram, which has been updated from
that published by Aitkern(l) by the inclusion of data on Fe-Si and Ni-Si, is based on an
approximate oxidation rate of 20 mg/cm? in 100 hours for the most oxidation resistant compound
in each system. This representation obviously oversimplifies a very complex body of data but
is useful for qualitative comparisons. The temperature ranges where breakdown phenomena, such
as Tpesting”, have been reported are crosshatched in the Figure.

Summary

The basic concepts of selective oxidation apply o intermetallic compounds. However, the details
of the selective oxidation process for the compounds of major interest for high temperature
appiications differ as a result of:

a. Generally lower diffusivities in the allov

b. Lower interstitial solubilities.

¢. Smaller differences in the stabilities of the oxides of the components.

d. Tight stoichiometry of many compounds.

e. Transient oxides which grow with linear or rapid parabolic kinetics.

Adequate solubility and diffusivity data are not availabl: for most systems.

The effects of oxidation temperature and alloying on the selective oxidation praocess varies from
ond compeund to the next depending on their relative effects on:

Solubility 2ad diffusivity of interstitials.

Diffusivities of the metallic components.

Rate of transient oxidation.

Alloy phases stabilized. ,

Vaporization of metallic and oxide species.

Oxide and allcy melting.

meanoR

The oxidation of some compounds is sensitive to the composition of the oxidizing atmosphere -
e.g] the presence of nitrogen.




CURRENT PROGRAM: RESULTS AND DISCUSSION

Figure 1 indicates a number of intermetallic alloys which are of potential interest with regard
to their high temperature oxidation behavior. The compounds chosen for this study were limited
to the aluminides and sil:cides of Nb, Ta, Mo, and Ti. Others, such as the Ni-aluminides, were
eliminated because they i.ave been extensively studied in other programs and the beryllides were
eliminated because of safety considerations in pieparing and handling the materials. The study

consists of two efforts: a thermochemical analysis of the oxidation of intermetallic compounds '

and an experimental investigation of their oxidation me: hanisms. These efforts are described in
detail in the followmg

Thermochemistry f the Condensed Phases and Volatile Species
in the Oxidation of Intermetallic Alloys
Containing Niobium, Silicon and Aluminum

Introduction

Thermochemistry . used to identify the condensed oxide phases, the oxygen potential of the
reacting gases, the volatile metal and oxide specnes and the physical state of the oxide layer and
volatilized oxide. Following the methods used in earlier studies (26,27) we will use standard
Gibbs free energy data, AGY, and equilibrium constants, log K,, (28-30) to evaluate the
condensed phases and the equxltbnum pressures of the volatile species over the several condensed
phases asaf uncuon of temperature and oxygen potential of the gas mixture. Log ppm. O, vS. log
and log pH 0 dxagrams show the influence of the oxygen potential on e’&u}hbnum
%sure of the olatﬁe species M,,_Oy To summarize the data log PM, o vs. dxagrams are
used. .

Table | shows a list of the cundensed oxide phases for the metals Nb, Mo, Si and Al at 1250K
together with the available melting and boiling temperatures.

Regglg;i

F:gurcs 13 16 show log PM. O, VS 108 PO and log pH./ o diagrams for the four metals
involved in the oxidation of ﬂ\e Xlloy systﬂmg Nt-Aland I?! I?'at 1259K. Log pM, 0, is plotted
on. the left and log PO, on the bottom. Log PH,/PH,0O values are plotted at tfie Xop of the
diagram,

Figure 13 for the Nb-O system shows three oxides NbO, NbOj and N2Os are formed. The
equilibrium pressures of the four volatile metal and oxide species are shown in the diagrim as
a function of oxygen potential. Of particular interest are the equilibrium pressures at the o.cygen
interface, the metal-oxide interface and the inner oxide interface NbO-NbO>.

In earlier studies (31) velatile species with log p below -9 have been shown to have negligible
influence in the oxidation process. For log p = -9 tu log p = -3 mixed axidation and volatility
can occur while for log p » -3 complete volatility is observed. The major volatile specie in the
Nb - O system is NbO3. Over tae condensed phase NbOj log PNbOjy = -14.2. At 1250K volatile
species are not important for this system.

Figure 14 shows a log pMm. 0, Vs l0g np, diagram for the Mo-O system at 1250K. A very
different diagram is observéd."Two cordeffsed phases are observed for 1250K Mo0O» and MoO3.
The latter phase is liquid above 1074K. Of special interzst ic the high equilibrium pressure of
the vapor specie (McO3)3 over MoO3(l) Here log p = -0.7 whete p is in atmospheres. Complete

wm



volatility of the oxide occurs in tﬁe oxidation of Mo at 998K. Lower equilibrium pressures are
found at the Mo-MoO» interface.

Figure 15 shows a log Pg; Oy Vs log po diagram for the Si-0 system at 1250K. A new and
different type of diagram™is observed. ?Only one ‘condensed phase, SiO3, is observed in the
oxidation of Si. SiO is the major volatile specie at 1250K wiih the maximum pressure occurring
at the Si-SiO» interface. Here log pgj = -5.6. Very low p essures of SiO(g) occur at the SiOj -
O, interface. For the oxidation of Si(s) at log pp, = O SiO can diffuse to cracks and defects
in the oxide, react with O3 and develop a coherenfoxide film. For low O pressure where log
P?iO > log po, rapid diffusion of O3 can occur resulting in very rapid oxidation and volatility
of the oxide \%th cracking of the film.

Figure 16 shows a log pA1xOy Vs 108 PO, diagram for the Al-O system as 1250K. Again a very
different dizgram is observed. Only one“condensed oxide phase is seen in the figure i.e. Al303.
Five vapor species are observed. Al(g) and AlyO(g) are the important vapor species at the Al-

Alp0Oj3 interface. Log pp} = -6.8 ard log PAJ;0 = -8. These pressures are above the critical
value of log p = -9 so volatile species can play an important role in the oxidation of intermetallic
alloys of important Al activities. Rapid short circuit diffusion of Al through the oxide may
occur. In addition the vapor species can diffuse at the Al-Al5Oj interface and react with oxygen
sealing cracks and defects in the oxide layer to form 2 protective oxide layer.

Figure 17 shows a log pTaxQy s 108 PO, diagram for the Ta-O system at 1250K. In contrast
to the Nb-O system only one oxide is for‘;ned NbsOs(s). TaOs(g) is the main volatile specie at
both the Ta(s) - TayOs(s) and TayOs - O; interfaces. Very low equilibrium pressures are
observed. Volatile ‘species play no role in the oxidation behavior of tantalum. Table 3
summarizes the calculations. : : '

Figure 18 shows a log pTixOv VS 108 PO, diagram for the Ti-O system at 1250K. Fiva oxides
phases are observed. Ti(g) 1s the major vglatile specie at the Ti(s) - TiO(s) interface and TiOz(g)
is the major volatile specie at the TiO)(s) - Oy interface. Very low equilibrium pressures are
found. At 1250K volatile metal and oxide species play no role in the oxidation behavior of the
titanium. Table 3 summarizes the results.

Figure 19 shows a log pCrxOy Vv$ 108 P, diagram for the Cr-O system at 1250K. Only one
oxide is formed, CryO3(s) Figure 19 sh%ws a new type of diagram. Important pressures of
Cr(g) are found at tne Cr(s) - Crp0O3(s) intsrface and CrOj(g) at the CraO3(s) -O interface.
At 1250K volatile species play a role in the oxidation of chromium(32). Volatility 1s observed
for temperatures greater than 1250K and some healing of defects and cracks in the ox:de by
reaction of Cr(g) with oxygen at defects and cracks. Table 3 summarizes the results.

Conclusions.

. Thermochemical analyses of the oxidation of seven metals shows the importance of identifying

the condensad phases and the volatile species over the condensed phase.




EXPERIMENTAL STUDY OF THE OXIDATION
BEHAVIOR OF SELECTED INTERMETALLIC COMPOUNDS

Iatroduction

Specimens of various intermetallic compounds were cb:ained either from arc melted buttons or
hot isostatically pressed (HIP) billets. Oxidation coupons 3mm thick were cut from the starting
materials, polished through 600 grit SiC, and ultrasonically cleaned. Test coupons were placed
in a small quartz crucible suspended by a platinum wire in a thermogravimetric apparatus.
Isothermal oxidation of candidate materials was carried out in pure oxygen for times up to 168
hrs. Upon expocure specimens were examined using XRD, SEM, EDS and WDS techniques.

tion of Niobium Trialumini n ¢

Specimens of NbAl3 were obtained courtesy of Lockheed Palo Alto Laboratories. Hemispherical
shaped castings were produced using a m.icro-arc melting procedure. The aluminum content
* ranged from 74.2 to 74.4 a/o for thcse approxnmately 1/2 inch diameter buttons. The
microstructure consisted of irregularly shaped NbAI3 grains delineated by NbjAl laden grain
boundaries, Figure 20. NbjAl 2nd small cracks were visible within individual grains..

Isothermal kinetic data for oxidation rurs at 8C0, 950 and 1100°C are plotted in Figure 21. The
two runs at 800°C illustrate the disintegration or "pesting” which occurs at intermediate
temperatures. Previous.investigators have defined a window of temperature between 550 and
850°C.(1) Note the variation in behavior at 800°C, the first specimen exhibited a 25 hour
incubation period while the second dezraded rapidly. Both specimens contained 74.4 a/o
aluminum. A decrease in the rate of attack was observed as the temperature was raised to 950
and finally 11G0°C. The rate of aluminum diffusion should increase with an increase in
temperature. Unfortundtely, a linear rate was observed at 950 and 1100°C. Svedburg has
reported parabolic kinetics and protective alumina scales at 1200°C. (5)

NbAL, 800°C:

During the incubation pericd a thin layer of NbAIO4 covers the specimen surface Figure 22,
Preexisting fissures are rapidly filled with a greater volume of this mixed oxide. Preferential
attack of grain boundaries and fissures results in fragmentation, Figure 23. An increase in the
rate of oxidation occurs as fresh surface area is exposed upon disintegration. The rate levels off
as the fragments are surrounded by a lay2r of NbAIO4.

At 1100°C the rate of aluminz formatior appears to be sufficient to compete with that of
transient oxidation. A convoluted alumina layer forms between an ouier NbAlO4 and an inner
NbjAl layer, Figure 25.. Oxygen again penetrates to form a new alumina layer at the
NbpAl/NbALl3 interface. The enveloped NbjAl is eventually ccnverted to a Nb-Al oxide,
repetition of this process results in a lay=red scale, Figure 26. Note the incipient alumina layers
below the NbyAl layers in Figure 25 (left) and Figure 26 (right). An interesting feature of the
attack is the absence of internal precipitates although no externai protective alumina scale was
formed. The small difference in stability between ajumina and the lowest oxide of Nb (or
NbA1O4) may be responsible. Low oxygen solubilities may be important, however, few reliable
data have been published. ‘

Oxidation of Nb-Base Alloys containing Al and/or Si at 800 and 1100°C




Arc-melted buttons approximately 2 1/2 inch in diameter were provided courtesy of Pratt and
Whitney Aircraft Corporation. A select number of hot isostatically pressed ("hipped") alloys were
also provided. Two levels of dissolved oxygen were introduced by varying process parameters.
A low level of 500 ppm was introduced using a 2850°F/15 ksi/10 hour treatment. A -much higher
level was obtained using a 3000°F/20 ksi/S hour treatment.

The kinetic data at 1100°C are plotted in Figure 27. Although a number of factors are present,
it appears th=t aluminum is more effective than silicon in promotmg oxidation resistance. Note
he increment between the two upper right hand curves. This improvement was the result of a
12 a/c Si addition at essentially constant Al content. Compare this increment with that
immediately below. - Here the improvement in performance is due to a 2.5 a/o Al addition at
essentially constant Si content. Additions of Ti and/or Ta are known to produce denser, more
adherenti scales by forming Nb7OseTiO5 or TayO5. No pesting was observed, alloys oxidized in
essentially the same order at 800°C with rates reduced by a factor of 4.

Nb-Base Alloys, 1100°C:

The morpholcgies exhibited followmg oxidation were variants of those shown in Figure 28.
Scales consisied of intimate mixtures of oxides of the alloymg elements. Levels of Al and Si
were too low to support formation of continuous layers. In situ oxidation occurred rapidly, no
segregation wzs indicated by the elemental maps of Figure 28. Backscattered electron images did
reveal regions slightly ri¢h in Ta for the alloy containing Ta. Oxygen saturatior occurred beneath
a growing scale, oxides of Ti were observed within this zone and in advance of it.

'Nb-Base_Alloys, 800°C;

Tne morphologies exhibited at 800°C were similar to those exhibited at 1100°C. Scales did
contain a greater proportion of the low temperature form of niobium pentoxide. This could be
observed optically, scales were often gray or black in constrast to the cream colored scales formed
at 1100°C. An enrichment in' Ti was observed at the scale/gas interface.

. Effects of Initial Structure and Chemistry; .

There did not appear to be an advantage in reducing the dissolved oxygen content to 500 ppm.
At 1100°C the kinetics were virtually identical, Figure 27. The hipped alloys did not outperform
cast alloys to a significant extent. Although the hipped alloys contained fewer defects, the
segregation patterns were similar, Figure 29. A major phase rich in Nb, Ti, Al and poor in Si
formed in a matrix rich in Nb, Ti, Si and poor in Al for this alloy. Formation of NbsSi3 and/or
-Nb3AI was possible dependmg on the particular case. In any event, in situ oxidation was again
so rapid that the major and minor phases oxidized separately.

Qxidatign of Tantalum and Molybdenum Disilicide

An 1mportant factor in the oxidation of these silicides is the volatility of the base metal oxxdes
Volatile species diagrams for the Nb, Mo, Si, and Ta-O systems at 1250 K are found in Figures
13 -15and 17. It appears that Mooz(s) should volatilize to MoO3(v) at these temperntures. The
oxides of Nb, Mr. and Si appear to not be susceptible to evaporation for short time exposures in
pure oxygen.

TaSi,, 800 and 1100°C:

The mlcrostructure of cast TaSi» is presented in Figure 30. Irregular shaped grains are delineated
by free silicon at grain boundanes This agrees with the binary phase dxagram a TaS:z +Si field
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lies adjacent to the line compound The kinetics for oxidation of TaSiy and a Ta-675i-10Al a/0
alloy are plozted in Figure 31. At 800°C TaSiy oxidized with a corstantly i mcreasmg rate. Thick
plates of Ta205 formed incorporating silicon in discrete regions, Figure 32. 3ome fragmentation
of the specimen was evident. At 1100°C TaSiy oxidized at a slower rate, but selective oxidation
of Si could not support a continuous silica layer, Figure 33. A semi-continuous SiO) layer was
found in some regions, but other regions were covered by mcunds of mixed Ta-Si cxide.

The addition of 10 a/o Al resulted in a lower rate of oxidation at 800°C.. Figure 31. Aluminum
may have acted as an oxygen getter or formed a barrier upon selective oxidation. The latter has
been suggested by preliminary SEM examination. At 1100°C the addition of 10 a/o Al increased
the rate of oxidation after an initial transient. The entire alloy was converted to an intimate
mixture of Ta, Si and Al oxides. Oxidation of Al to Al;03 may have resulted in catastrophic
attack of a Si poor Ta base alloy. If TasSiy formed it would have oxidized at a much faster rate
than the disilicide. (33)

- MoSi,, 600 - 1100°C;

S. mples of MoSi modified with an Al-Th-Si addition during processing were obtained courtesy
of ATS, Inc. The microstructure consisted of MosSi3 and Al-Th-Si in a matrix of MoSij,
Figure 34. The Al-Th-Si phase s thought to limit pesting by accommodacion of stresses. The
kinetics at 600, 800 and 1100°C are plotted in figure 35. An interpretation is possitle in terms
of an interplay between the volatilization of solid transient oxides vs silica formation. (9,34) At
600°C, solid MoOs transient oxides disrupt the growth of the silica layer, Figure 36 (top). At
800°C, the volatilization of MoO3(s) to MoO3(v) results in a continuous SiOj scale, Figure 36
(cemer) At 1100°C, a semi-continuous SiOj layer forms as oxides rich in 'Ih are found at the

" scale/gas’ mterface, Figure 36 (bottom).

SUMMARY

The above .results indicate the complex nature of the oxidation behavior of Nb, Ta, and Mo
base intermetallics formed with Al on Si. None of the compounds, with the exception of MoSi>,
were capable of forming and maintaining a protective alumina or silica scale over a broaqa range
of temperatures. The mechanisms are seen to involve a combination of rapid trarsient oxidation .
which prevents a continuous protective layer from forming. The oxidation mechanisms are veing
investigated further. Acoustic emission experiments are being conducted to evaluate oxide
cracking and low temperature disintegration. Experiments in which an applied electric field will
be used in an attempt to modif'y transient oxidation behavior and the growth of protective scales
are planned. Firally, the study is being expanded to include the compound Ti:Al which has been
shown to be an "alumina-former” over certain ranges of conditions (7,22). It is beljeved that the
combination of these expenmenu with thermochemical analysis will lead to. a broad
understanding of the mechanisms of oxidation of intermetallic compounds.
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TABLE 1

Physical Properties of the Seven Metals and Their Oxides

See Table 2 for References

Metal , ' Condensed Oxides Vo'atile
M.PK. BPK. M.P.K.B.PK. Species
N 933 2767 ALO, 2321 ALAIO,AIO,
| _ ALO,ALO,
Cr 21%6 2915 Cr,0, 2603 + 15 Cr,Cr0,Cr0,,
| ' Cri0; Cr0,
Cri)3 . : .
CrO,
Mo 2892 4919 " MoO, | Mo,MoO,MoO,
" MoO; 1074 1428 MoO;,(MoOy),
Nb 2750 . 3156 . NbO . 2210 " Nb,NbO,NbO,
NbO 2175
Nb, G, 1783
si 1685 3492 Si0, . 1996 $i,Si,,Sis,
N ' 5i0,8i0,
Ta : 3258 5786 Ta, 04 2058 + 30 ' Ta,TaO,TaO,
Ti . 1933 3591 Sub-oxides |
Ti,0.Ti;,0 . Ti,TiO,TiO,
Ti;0.Ti;0,
TiD 12022
Ti,0; 2115
Tis0, 2050
Ti.0 1950

TiO, 2130
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' Table 3
Summary Thermochemical analyses

Metal Oxide Lo,gp()2 . ‘ ' , )
interface Vapor Log p Protective
{atm) ' Specie (atm) Oxida
Al(1) ALO(s) -35.63 Al/ALDO, Al - -6.905 yes
Al/ALO; ALO -8.037
ALO;/O, - AIO, -18.53
Cr(s) . Cry04 -22.45 € Cr,04 Cr -8.96 yes
: Cr,0,/0, CrO, -8.02
Mo(s) MoO, -1534 . Mo/MoO,  MoO, -10.97 no
MoO, Mo0,/0, (MoOy), -0.74
Nbs) NbO -25.66 Nb/NbO NbO, -1597 . no
NbO, NbO/NbO,  NbO, -1420
: Nb,0, : Nb,0O,/0, °  NbO, -22.12
Si(s) SiO, ' -28.72 Si/Si,Oz . SiO -5.43 ves
. §i0,/0, SiO 2004 :
Ta(s) Ta,04 -25.116  Ta/Ta,O, Ta0, -15.236 no
~ ' Ta,05/0, TaO, - -21.515
Tis) TiO . -3540 Ti/TiO Ti -12.15 no
Ti,04 ' Til0y/Ti0,  TiO, -16.31 '
Ti;0, Ti0,/0, TiO, -16.31
Ti, 0,

TiO,
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FIGURES

1. Melting points and densities of selected
intermetallics

2. Standard free energies of formation for selected
oxides.

3. Schematic diagram of the oxidation of a noble metal,
A, containing a reactive metal, B. a) Dilute alloy
showing internal oxidation of B. b) Concentrated
alloy forming an external layer of BO.,

4. Schematic of oxidation of A-B with both A0 and BO
stable (BO more stable than AO). a). Dilute alloy
showing internal oxidation under external AO.

b) Concentrated alloy forming external BO.

5. Schematic cross-section of MoSi, forming a silica
scale.

6. Map of the selective oxidation behavior of Ni-Al
alloys as a function of temperature and Al-content
(ref. 6).

7. The binary phase diagram for the Ti-Al system
showing the region in the TiAl field where alumina
scales form in pure oxygen.

8. Schematic plot comparing isothermal and cyclic
oxidation rates.

9 . Weight change vs time data for cyclic oxidation
of several Ni-silicides in air (Compositions in wt.
pct).

10. 1Isothermal (a) and cyclic (b) oxidation maps for

the Ni-Cr-Al system showing the effect of Cr in
developing and maintaining a protective alumina
scale.

11. Map of oxygen pressure vs. temperature indicating
conditions for the development of a protective
.silica film on MoSl2 and the importance of volatile
species in this process.

] Bar chart summarizing the oxidation behavior of
the most resistant compound in each of the indicated
systems. The maximum temperature generally
corresponds to 20 mg/cmz in 100 hours.
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13. Volatile species for the Nb-0O system a8t 1250K.

14. Volatile species for the Mo-0 system 1250K.

15. Volatile species for the Si-O0 system 1250K.

17. Volatile species for the Ta-0 system 1250K.

1250K.

t

t

t
16. Volatile species for the Al-O system at 1250K.

t

18. Volatile species for the Ti-O system at

t

19. Volatile species for the Cr-0 system 1250K.

20. Initial microstructure of NbaAl, (Dark phase is
Nb,Al) .

21. Weight change vs. time data for NbAl, oxidized in
oxygen at 800, 950, and 1100°C.

22. Surface of NbAl, after 5 hrs. oxidation in oxygen
at 800°C showing a thin layer of NbAlo4 gnd a pre-
existing crack.

23. Micrograph of NbAly showing ”pestlng‘ after 24
hrs. oxidation in oxygen at 800°C.

24. Surface (top) and cross-section (botto ) of NbAl
after 24 hrs. oxidation at 950°C ndlcatlng
preferential attack of Nb,Al at grain boundaries.

25. Secondary electron image of the cross-section of
NbM:i after ‘24 hrs. oxidation at 11100°C (top)
showing preferential attack of Nb,Al |at grain
boundaries. Backscattered electron image showing
alumina between an outer ‘NbA1lO, and inner Nb,Al
layer. :

26. Cross-section of NbAl after 168 hrs. ox daﬁlon at
1100°C showing the developmont of a layered scale
of Al,0; and NbAlO,.

27. Weight change vs time data for the oxidation. of
a series of Nb-base alloys in oxygen at 1100°C

28. Cross-section of a Nb-Ti~Ta-Al-Si alloy| after 168
hrs. oxidation at 1100°C and x-ray maps which
indicate the various alloy components are oxidized
in-situ.
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29,

Comparison of starting materials and structures
following 168 hrs. oxidation at 1100°C fcr a
Nb-Ti-Al~Si allcy which was prepared by casting and
by hipping. '

30. Initial microstructure of TaSi, (dark phase is

elemental Si).

31. Weight change vs. time data for Tasi, and Al~-

32.

modified TaSi, oxidized in oxygen at 800 and 1100°C.

Surface (top) and cross-section (bottom) of Tasi2
‘after 168 hrs oxidation at 800°C. The lighter phase
is Ta,0, and the dark phase is Sio0,.

33. Cross-sections of 'I‘asi2 oxidized 168 hrs. at

.34,

35.

36,

1100°C showing exclusive formation of a silica film
over some areas (top) and Ta-rich nodules over
others (bottom).

Initial microstructure of "MoSi,". (White phase is
Mo,Si, and the dark phase is Si0,). Th was detected
adjacent to the silica regions.

wéight chahge vs. time data for MoSi, oxidized in
oxygen at 600, 800G, and 1100°C.

Top: Surface of MoSi, atter 168 hrs. oxidation at

600°C.

- Center: Surface(left) and cross-section(rijght) of
. MoSi, after 168 hrs. oxidation at 800°C.

Bottom: Surface of Mosi2 after 168 hrs. oxidation at
1100°C.
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A-B

Figure 3. Schematic diagram of the oxidation of a noble metal,
A, containing a reactive metal, B. a) Dilute alloy
showing internal oxidation of B. b) Concentrated
alloy forming an external layer of BO.




Figure 4. Schematic of oxidation of A-B with both AO and BO
stable (BO more stable than A0). a) Dilute alloy
showing internal oxidation under external AO.

b) Concentrated alloy forming external BO.
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Figure 8. Schematic plot comparing isothermal and cyclic
oxidation rates.
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Figure 9 . Weight change vs time data for cyclic oxidation
of several Ni-silicides in air (Compositions in wt.
pct). |
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Figure 10. ‘isothermal (a) and cyclic (b) oxidation maps for
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developing and maintaining a protective alumina
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Figure 12. Bar chart summarizing the oxidation behavior of
' the most resistant compound in each of the indicated
systens. The maximum temperature generally
corresponds to 20 mg/cm2 in 100 hours.

$i-C Stable J
Ti-Si Stable B
Ti-Be
Ti-Al Stabie
2r-Si
2r-Be
2r-Al
Nb-Si
Nb-8e
Nb-Al
Ta-Si
Ta-Be Stable
Ta-Al %
CrSi Stable |
Cr-8e ' j
Cr-Al
Mo-Si
Mo-Be
Mo-Al
W-Si
W-8e
W-Al
Re-$i ?
Re-8e¢ ]
Re-Al ?
Fe-Si
Ni-Si
Ni-Be
Ni-Al T
' FeCrbase Stable
FeCrbase Stable withAland ¥ |
Ni Stable | with Al
Nichrome Stable ]

Cobase | Stable | -l { 1 1 1
600 800 1000 1200 1400 ‘ 1600 1800

Temperature °C




, ("w}o) NOa bo;
o) - 8- w_- w—u nmw- vwv

./ 5 oan

(s) aN -

*M0GZT 3@ waysds 0-qN ay3z I03 saroads

— lm.l
Ivl
[l [ ] 1 1 | N |
g p=——¢= ooN .& t 9 B o] p— Y
: Hg,“Hq 60,

3TTIPIOA €1 2anbrd




(wyo) _<€Od 6o,

f——f-¢l- 9I- O¢- vz- gz 2¢- 98 Ob- bb-

! | T T
/ oW -
O°W \\\\ uﬂumn
| -191-
2oon” o {a- _
€oow, £~ 3
I.ml Wd
€(€oon) : 1p- "2
. 3
70
(1N€00W | (si20oW (s) oW
bt

] 1 1 ] Ll b
<. v 5§ o &
O%Hg,SHy po,

"M0SZT e w33shs 0-OH 2Yy3 103 saroads STTIRTOA- BT 2anbrg



e S

- - *l.
| . 1
(s)Co1s “ve-
i
} Hoz-
9|-
o1 ,
20- S
hel
o
»
2.
e
“p- MW
4o

. : )
o - = 0 v & o3¢

*M0GZT v waysks O-1S 3yl xo3j sayoads mﬁwunw¢>.,.m~ axnbrg




(‘wyp) 20d boy

Oc-  t2- 82- 2e-

T ¥

- 8- 2l--  9l-
7

e -

T ' !
]wvl
(s) €03y (v —ob-
. 4
\\\\\\\\\\\JuNm|
<Av g S
S s i
cov | G
civ do1- &2
v 5
i8- <=
: -0
| | o
3 CANES RN i

0%Hg,%Hg 6o

"MOSIT 3 wa3sAs 0-1V 9y3 103 soroads arr3eyon

‘97 {danbryg -




8-

(‘wo) 0d boy

| 2¢-

gl- ol
1 -
(s) Scéoy

Q¢- __ ¥¢-
] L

%%

73 o1

=

1 1 L

-

b

*M0SZT 3@ wayshs o-vy ay3 03 satoads aryIvioa

0 ONIQM\NIQ Mo.

9

D el

Ol

cl

L1 @anbry

14|




(‘wyo) Od boj

T T

b- 8- 2~ 9l- 0g- v2- 82- - 98- Ob-
L 1

N

>

~]0e2-

-9l -

cl-

s
('w;o)‘oxu'd boj

o (s)
() cou €1 (sou (s)in v~
(s)Lotry | | “sSofi
. fo
1 1 1 1 | 1 L 1 1 ~. L
9-  v-  ¢- 0 r4 v 3 ) o1 ¥

0ZCHg, CHy 6oy

*M0G2ZT 3@ woysAs 0-TL Y3 103 sayoads arryeroa

of 2

*81 aanbty



" (wyp) €0Od boj .
o Wl : W.. W_l 9l- 02— -~ v2- 82— 2¢- 9% Ov- bbb+
] - | Y T | T .

77 T
- (s) €021)

x€04)
043”
. 2013
o W0

1

0%Hg,Hg Bo

o
o
o
o
g
<

*M0GZT 3¢ waysdAs 0-1D Iyl 103 mmﬁownm,m:ucao\» ‘61 ou:aﬁw




Microstructure of Niobium Aluminide
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Figure 20. Initial microstructure of NbAl; (Dark phase is

NDb,Al) .
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Niobium Aluminide
800°C-5 Hours
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Fiyure 22. Surface of NbAl, ‘after 5 hrs. oxidation in oxygen
at 800°C showlng a thin layer of NbAlO, and a pre-
existing crack.’
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NbAL 23hr Oxygen 8GO0 C : : .
Shows Result of “Pesting” ' '

Figure 23. 'Micrograph of NbAl, showing “pesting" after 24
hrs. oxidation in oxygen at 800°C. .
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Figure 24. Suff‘ace (top) and cross-section (bottom) c:f"NbI\I3
after 24 hrs. oxidation at 950°C indicating
preferential attack of Nb,Al at grain boundaries.




Figure 25.

'ZG&QW'_XZBEG"?-‘ 0089 10.8Y PITT

Secondary electron image of the cross-section of
NbAl, after 24 hrs. oxidation at 1100°C (top)
showing preferential attack of Nb,Al at grain
boundaries. Backscattered ‘electron image showing
alumina between an outer NbAlO, and inner Nb,Al
layer.
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Black = ALO,
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Figure 26. Cross-section of NbAl, after 168 hrs. oxidation at

1106°C showing the development of a layered scale
of Al,0, and NbAlO,.
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il Hours
se e Consists of Mixture ¢
Nb. Ti, Ta, Al and Si Oxides

Figure 28. Cross-section of a Nb-Ti-Ta-Al-Si alloy after 168
hrs. oxidation at 1100°C and x-ray maps which

indicate the various alloy components are oxidized
in-situ. :




‘g Effect of Microstructure on Oxidation
Nb-25T7i-12.5A1-255i '

Nb-25Ti-12.5A1-25Si/Hipped vs Nb-21Ti-10AI-15S1/Cast

400X

sexy widge @Rl . 1@ ey PITT -

Oxidized /7 1100°C - 188 Hours

Comparison of starting materials and structures
following 168 hrs. oxidation at 1100°C for a
Nb-Ti-Al1-Si alloy which was prepared by casting and

by hipping.

Figure 29.




Microstructure of Tantalum Disilicide
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Figure 30. 1Initial micrestructure of Tasi, (dark phase is
elemental si). :
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PESTL I DI Ee

300°C-168 Hours

daky x2000° 0822 T 16.00 PITT

Figure 32. Surface (top) and cross-section (bottom) of TaSi,
after 168 hrs oxidation at 800°C. The lighter phase
is Ta,0, and the dark phase is sio,. ‘




Tantalum Disilicide

1100° C-168 Hours
Silica Layer(top)-Ta/Si oxides (bottom)

Y

20KV X2800 . 9823 T8 00 PITTE!

Figure 33. Cross-sections of TaSi, oxidized 168 hrs. at
1100°C showing exclusive formation of a silica film
over some areas (top) and Ta-rich nodules over
others (bottom).




Microstructure of Molybdenum Disilicide

Figure 34. Initial micrgstructure of "MoSi,". (White phase is-
Mo¢Siy and the dark phase is Si0,). Th was detected
adjacent to the silica regions. ‘
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Figure 36. Top: Surface of MoSi, after 168 hrs. oxidation at
600°C.
Center: Surface(left) and cross-section(right) cof
MoSi, after 168 hrs. oxidation at 800°C.
Bottom: Surface of MoSi, after 168 hrs. oxidation at
1100°C.
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ANNUAL REPORT
Nov. 1, 1987 - Oct. 30, 1988

Carnegie Mellon University
A.W. Thompson and J.C. Williams, Investigators

‘Initial work on hydrcgen effects was focused on the titanium aluminide alloy Ti-24-11 (24%
Al, 11%Nb in atom per cent), because of its availability, metallurgical knowledge, and technical
interest for near-term aerospace applications. In addition, it contains very small amounts of b‘eta
phase in many accessible microstructures, making it essentially a single-phase aluminide alloy with
the alpha-2 structure. Electrolytic and therinal methods for introducing hydmgcn were developed,
and measurements were made of the equilibrium solvi for various overpressures of hydrogen, over
the temperature range 400 to 675°C. This is illustrated in Figure 1.

The alloy dissolves large amounts of hydrogen at elevated temperature, ¢.g. about 10%
(atomic) near 600°C, but e*uapolaﬁhg the solvus to room temperature implies a ﬁolubility cf around
1 ppm. Accordingly, cooling of charged material causes pronounced hydride formation. X-ray
diffraction was used to determine that the hydride has the same fluorite structure as does TiH,,
although we do not know the stoichiometry of the hydride in Ti-24-11. Tﬁesc tests required a
thorough investigation of heat-treatment response frem hydrogen charging. Hydrogen isla potent
stabilizer of the beta phase in titanium alloys, and particularly when amounts of the order of 10%
(atomic) are chafgcd, acts as a significant alloying element. The solvus measurements, heats of
solution and partial molar free energies for hydrogen, and other related observations have been
collcétcd into a paper, entitled "Hydrogcn Solubility in a Titanium Aluminide Alloy" and co-authored
- by W.-Y. Chu, A.W. Thompson and J.C. Williams, which is being submitted for publication. A
suhmary of the same results was presented at the 2nd NASP Workshop on Hydrogen-Materials
Interaction (Scettsdale, AZ, June 1-3) and was published in the W of the

workshop, Report NASP WP-1004, edited by H.G. Nelson (Nov. 1988).




Mechanical properties of the Ti-24-11 alloy have also been studied. The first part of the
“ mechanical investigation comprised tensile tests using a range of strain rates and performed at several
temperatures in the range -200°C to 400°C. Uncharged specimens as well as specimens thcrrnally
charged to four hydrogen contents between 500 and 2500 ppm by weight (2.5 -12.5% atomic) were
tested under the conditions mentioned. Amdng the results were observation of a range in tcnsile
ductilities, from 0.5 to 2.5%, and a pronounced strain rate effect, with an extremely steep fall in
ductility for tests at rates above about 0.01 s'l. This was true both witn and Qithout hydrogen,
although the introduction of hydrogen lowered the critical rate somewhz, in addition to decreasing
the stress and strain associated with fracture. This rate effect essentially represents the intervention
of fracture in the stress-strain curve prior to yield, since no such rate effect could lbc detected when
compression tests were conducted under otherwise identical conditions. The dependence of tensile
properties on temperature and hydrogen content, respectively, are shown in Figures 2 and 3.

To facilitate study of the brittle fracture process in Ti-24-11, notched bend bar spAec'imens
were also tested, under parallel conditions to those mentioned for the t;n'silc tests. Generally, veryl
similar phenomena were observed, including the pronounced strain rate effect. Using established
analysis methods, it was possible from these tests to calculate the true, intrinsic fracture strength for
cleavage of the specimens. This strength was found to be independent of temperatnrc. in agreement
with the classical expectat’on, but was sensitive to crosshead speed in the same manner as the
nominnl fracture stress. The fracturc.stmngth also decreased with addiﬁon of hydrogen.

Fractographic examination revealed that ‘fracturevin tension or bend bars took place by a
cleavage-like process in small facet-iike features. The size and shape of these features corfcsponded
accurately to the plates of alpha-2 in the microstructure. The fracture process thus appears to be one
of tearing in the "matrix” of transformed beta around the primary alpha-2 plates, and a brittle fracture
of cleavage-like appearance in the plates themselves. Similar observations have been made in other
titanium alloys and in certain microstructures of titanium aluminides.

The bend-bar experiments showed that propagation of cleavage cracks appeared to take place

in a stable manner during slow loading, and resistance to this slow propagation was dependent on




crosshead speed and hydrogen content. Accordingly, additional tests were conducted with pre-
cracked WOL (wedge-opening loading) specimens to permit measurement of conventional toughness
properties as well as crack propagation resistance. Toughness, as hcasurcd by K, and the
threshold stress for cracking in hydrogen, Kiy, were both found to decrease smoothly with

_increasing hydrogen content, in tests using fracture mechanics specimens (compact tension or

j WOL). These data, together »Qi;h the fracture strength measured in bend bars, are collected iut Figure
4. Although the toughness does decrease considerably (as do tensile propcftics in Fig. 3), it should
be noted that the hydrogcn.contems are very large, compared to damaging amounts in a number of
other materials, including steels and nickel-base alloys. Thus Figs. 3 and 4 could be interpreted as
showing that Ti-24-11 actually is a relatively hydrogen-tolerant alloy.

Crack growth curves, measured as da/dt in sustained loading, as a function: of the crack
driving force, Ky, are shown in Figure 5. The threshold stress (see Fig. 4) falls steadily with the
increase of hydrogen conteﬁt. but note that the curves remain "rounded” at growth rates above 1
micrometer per minute. Thus the crackiné resistance remains considerable at even the highest
hydrogen content. Conventional crack resistance curves, or R curves, are being developed to
express this result.

The mechanical properties work in this program has now been summarized in two papers,
which will be submitted shortly to appropriate journals. These are entitled "Brittle Fracture and
Behavior of Hydrides in Ti-24 Al-11 Nb", and "Hydrogen-induced Crack Growth in Ti-24 Al-11
Nb". Each is authored by W. -Y.Chu and A.W. Thompson.

In the past quarter, we have investigated the effect of microstructure differences on
mechanical properties of Ti-24-11, as a function of hydrogen content. Particular emphasis has been
placed on measurement of the intrinsic cleavage fracture strength. In earlier work on this program, it
wag found that changing microstructure through changes in solutionizing temperature and cooling
rate from that temperature could result in variations in yield strength, fracture strain, and cleavage

fracture strength of 20-30%, compared to as-received material. However, we have now found that

the yield strength, fracture strain and cleavage fracture strength all increased by 50-100% when




solution treatment was conducted in hydrogen gas (instead of vacuum), at solution temperatures of
1100°C and above, foilowed by aging at 800°C. If the cooling rate was low, e.g. furnace cooling or
controlled cooling, or if the solutxon temperature was below 1100°C,, e.g. IOOO°C or 1075°C,
solution treatment in hydrogen gas then caused an increase in the yield strength, fracture strain and
cleavage fracture strength by only 10-20%.

For any of these microstructui'es, the ultimate strength, the fracture strain and the cleavage
ﬁactﬁm s&cngth decreased steeply when the crosshead speed was larger than 50 mm/min. At speeds
this high, the difference between solution treaﬁnent in hydrogen gas or in vacuum was slight.

For these experiments, hydrogen can be regarded as a temporary alloying element, stabilizing
the beta phase during heat treatment, and perhaps also affecting elevated temperature mechanical
properties and the corresponding accommcdation response within the tﬁicrostructure, during
subsequent transformations. This was indicated metallographically in these specimens by increased
_ size of the microstructural coﬁstituems, and modest increases in volume fractibn of beta phase, as a
result of solution treatment in hydr\ogen. |

For the next period, we plan to investigate thé effect of microstructural variation and
hydrogen content (resul;ing from hy&ogen solution treatment) on the fracture toughness, crack -
‘propagation rate, and threshold stress intensity for hydrogcnl-induced cracking. We are optirhistic‘
that the improved mechanical properties seen in tensile tests will be reflected in improved toughness
and cracking resistance properties. |

Dr. J.C. Williams left Carnegie Mellon University in August, 1988, to join the Aircraft
Engine Business Group of General Electric in Evendale, Ohio. Professor Thompson now acts as the

sole investigator in the CMU portion of this program.
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Figure 1. Solvus for hydrogen in,Ti-24-11‘in equilibrium with hydride phasa,
as determined by two methods (shown in figure).
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Figure 2. Mechanical properties of Ti-24-11 as a function
of temperature, in the absence of hydrogen. Note
that compression and tensicn yield strengths are
closely parallel for the no-hydrogen material.
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Figure 3. Mechanical properties of Ti-24-11 as a function of precharged

hydrogen content. Note that abuve about 1000 wppm hydrogen,
fracture occurs prior to yield, so that the apparent UTS becomes

smaller than the compressivé YS.
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Figure 5. Crack growth rate, da/dt (crack length = a) as a function
of crack driving force, K,, for uncharged Ti-24-11 and for
specimens with three prec%arged hydrogen contents (shown).




